Introduction
Archaeal flagella (archaella), despite their morphological similarity to bacterial flagella, are fundamentally different structures [1] . Typically, the archaella are thinner (10-13 nm) compared to bacterial flagella (20 nm) [2] . Archaeal flagellins (archaellins) have no homology to bacterial flagellins, but at the same time, they are homologous in N-termini to type IV bacterial pilins [3] and are processed in a similar manner, with the removal of the leader peptide before incorporation into supramolecular structure [4] . Archaellins in the archaellum are often glycosylated [3] . Among the Archaea the variety in the number of archaellins in the archaellum is significantly higher (1 to 8) [5] than that of flagellins in Bacteria. Recent data indicate that the Archaea may differ in the mechanism of forming the spiral shape of the archaellar filament [5, 6] . Sometimes a mechanism similar to that in eubacteria occurs [5] ; in this case a single protein subunit forming the flagellar filaments possesses the ability to adopt either one of the two conformations, forming two types of protofilaments, which differ in length and generate the filament curling upon association [7] . Other mechanisms require multicomponent archaella composition [8] [9] [10] or the presence of multiple archaellin forms having different modifications [5] . Most studies on the role of multiple archaellins used methods of inactivation and deletion of genes [3] . Jarrell and co-workers have identified and localized minor archaellins FlaA1 and FlaB3 in the Methanococcus voltae filament, using antibodies specific to the variable regions of archaellins, and showed that FlaA1 is distributed over the entire length of the filament, while FlaB3 forms a short curved hook proximal to the cell [11] .
The archaella filament of haloarchaea Halobacterium salinarum consists of five archaellins -A1, A2, B1, B2 and B3 (FlgA1-FlgB3), which are encoded by genes located in the flgA and flgB operons [12, 13] . Archaellins A1 and A2 are major filament components, while B1, B2 and B3 are synthesized in much smaller quantities [8] . Previously, by deletion of archaellin genes, it was shown that the helical filaments may be formed only from A-proteins [8, 9] , and in the absence of A archaellins, B2 archaellin can form structures similar to the archaellum hook [8, 14] . However, the complete picture of the distribution of archaellins within filaments is still not clear. 3-dimensional reconstruction of the H. salinarum archaellum was made by processing of cryo-electron images [15] . It demonstrates the presence of three protofilaments twisted into a spiral, but does not have sufficient resolution to recognize the different archaellins and evaluate their distribution within the filament. H. salinarum archaellins are highly conserved (identity of 82 to 94%). Three variable regions near the 80, 120 and 155 amino acid residues are in H. salinarum archaellin sequences [12] . Attempts to identify each of archaellins in H. salinarum archaella using antibodies specific to these variable regions [12] were unsuccessful.
In brief, we have developed and described a method of directed modification of H. salinarum archaellins by insertion of the FLAG peptide into a selected region of the archaellin sequence. The insertion site was chosen to expose the FLAG peptide on the filament surface. Commercially produced monoclonal antibody specific to the FLAG peptide can be used to determine the location of the target protein in the archaellum. The method was applied previously to the archaellin A1 [16] , in this work the archaellins A2 and B2 were modified as well. In the current study, it is demonstrated that the archaellin modification method is useful for the identification of proteins within the archaellum.
Experimental Procedures

Strains and growth media
We used the Escherichia coli strain DH10β (Life Technologies, USA) and the H. salinarum strain R1 (B-8832, DSM 671), provided by the Russian National Collection of Industrial Microorganisms (Moscow). The E. coli cells were cultivated in LB medium (1% NaCl, 0.5% yeast extract, 1% tryptone) and H. salinarum cells were cultivated in a medium with the following composition: 25% NaCl, 0.2% KCl, 2% Mg 2 SO 4 7xH 2 O, 0.3% Na-citrate, 0.5% tryptone, 0.2% yeast extract, pH 7.5. In both cases, the cells were cultivated at 37°C.
Work with DNA
We have used QIAprep Spin Miniprep Kit (Qiagen, USA) to isolate the total DNA from H. salinarium and the plasmid DNA from E. coli. The isolation was carried out following the instruction provided by the manufacturer. The total H. salinarum DNA was used as a template to produce PCR-fragments of archaellin flgA or flgB operon with flanking regions. PCR was carried out according to the manufacturer's instruction, using a mixture of Taq and Pfu DNA polymerases (SibEnzyme, Russia). PCR products and plasmid DNA were analyzed by agarose gel electrophoresis in TAE buffer [17] . DNA treatment with restriction endonucleases (Thermo Scientific, USA) and the reaction with T4 DNA ligase (Thermo Scientific, USA) were performed according to the manufacturer's instruction. The transformation of E. coli cells by ligase mixture was conducted in accordance with [18] , and the cells were then plated on 1.5% agarose-containing LB medium with 100 μg/ml ampicillin. A single colony was transferred from a plate into an antibiotic-containing liquid medium for cultivation and subsequent plasmid isolation. The resulting plasmids were sequenced using an ABI PRIZM 310 DNA-sequencer (Applied Biosystems, USA). All genetic constructs were based upon plasmid pNX [8] (see all plasmids used in this study in Table 1 ), which contains genes of resistance to ampicillin and novobiocin.
The insertion plasmids pNXA and pNXB were prepared by cloning the flgA or flgB operon in plasmid Name Description Reference/Source pNX Used for creation of all plasmids in this study [8] pNXA pNX plasmid with cloned flaA operon. Used for creation of plasmids with modified flaA1 or flaA2 genes [16] pNXB pNX plasmid with cloned flaB operon. Used for creation of plasmids with modified flaB2 gene This study pNXAFA1 pNXA plasmid containing the FLAG peptide encoding sequence in flaA1 gene. Used for development of H. salinarum strain producing the modified by FLAG peptide A1 archaellin [16] pNXBFB2 pNXB plasmid containing the FLAG peptide encoding sequence in flaB2 gene. pNX, accordingly. For PCR amplification of the flgA operon the oligonucleotide primers #1 and #2 (see all oligonucleotides used in this study in Table 2 ) were used, and for amplification of the flgB operon -#3 and #4. PCR fragments of the flgA and flgB operons were cloned into the plasmid pNX by restriction sites XbaI and HindIII.
The insertion plasmids pNXAFA1 and pNXBFB2 were made by cloning a synthetic sequence encoding the FLAG peptide in the pNXA and pNXB plasmids, accordingly. The cloned sequence was obtained using two synthetic oligonucleotides #5 and #6, containing the FLAG peptide encoding sequences. The primers were annealed to each other by cooling the mixture from 80°C to room temperature and were phosphorylated at the 3'-ends by polynucleotide kinase (Thermo Scientific, USA) according to the manufacturer's instructions, they were then ligated into plasmids pretreated with the restriction endonuclease BstXI. The site of insertion was chosen so that the incorporation of the FLAG peptide occurred between the first two N-glycosylation sites in the A1 or B2 archaellin close to the conservative glycine residue.
For construction of the pNXAFA2 plasmid we used the pNXA previously mutated by PCR using the QuikChange II Site-Directed Mutagenesis Kit (Agilent, USA) and the oligonucleotides #7 and #8, to create the restriction site for AsuNHI in the flaA2 gene. This site was created to insert synthetic FLAG peptide encoding oligonucleotides #9 and #10, so that the incorporation of the FLAG peptide occurred between the first two N-glycosylation sites in the A2 archaellin.
For construction of the pNXAGA2 plasmid the goldbinding peptide [19] encoding oligonucleotides #11 and #12, were cloned into the mutated plasmid pNXA by the AsuNHI restriction site.
Development of H. salinarum strains producing the modified archaellins
The strains were obtained by the transformation of H. salinarum cells with plasmids using polyethylene glycol (PEG) as previously described [20] . The selection of transformants was carried out on agar medium containing 15% sucrose and 0.1-0.2 mg/ml novobiocin (Sigma, USA). Since all plasmids used in the work do not contain the archaeal replication origin, the antibiotic resistance is acquired only after insertion of the plasmid into the chromosome by the mechanism of homologous recombination. Incubation was carried out at 37°C for 10-14 days. Modified H. salinarum genomes contained both the modified and native archaellin operon (A or B). Modified H. salinarum cells were stored on the appropriate media with 1.5% agar at room temperature.
Work with proteins
Isolation and purification of archaella was performed as described in earlier literature [16] . SDS-PAGE was performed according to the Laemmli protocol [21] . Proteins were separated by SDS-PAGE and transferred to Immobilon-P membrane (Millipore, USA) as described in the user guide of Western blot analysis. Monoclonal ANTI-FLAG M2-antibodies (Sigma, USA) diluted 1:1000 were used to detect the modified archaellins. Antibody Immuno-electron microscopic study was carried out as described in literature [16] . Monoclonal ANTI FLAG M2-antibody was diluted 1:100. To detect the antibody, protein A conjugated with colloidal gold particles (particle size 10 nm, Jannsen Biotech, Belgium) and diluted 1:20 was used. The samples were examined on a JEM-100c electron JEOL, Japan.
Experiments on colloidal gold particles binding
Archaella modified by the gold-binding peptide in the concentration of 0.1 mg/ml were incubated with 0.1 mg/ml 5 nm colloidal gold (Ted Pella, USA) in 0.15 NaCl for 1 h. The archaella were further examined on a JEM-100c electron microscope (JEOL, Japan).
Results and Discussion
Initially, we selected suitable archaellin sites for insertion of the FLAG peptide loops. As the detailed structure of any archaellin is not known, we have selected the insertion site for the following reasons. H. salinarum archaellins are N-glycosylated and each of them contains 3 glycosylation sites NXT(S). It is known that glycosylation takes place on the cell surface after the archaellum assembly. This suggests that archaellin glycosylation sites have to be exposed on the archaella surface and consequently, the additional peptide loop introduced close to glycosylation site will be exposed outside as well. We decided that one of the most suitable sites is between two alanines, located about midway between the two glycosylation sites NLTVRQAxAGADNINLS. This sequence is identical in all five H. salinarum archaellins, but is variable even in closely related haloarchaeal archaellins. The most conservative is a glycine residue which is present even in methanogenic and hyperthermophilic archaellins, it probably is structurally significant and promotes a loop forming on the surface of the structure. The strains carrying modified archaellin genes A1, A2 and B2, were grown in culture medium and their archaella were isolated and purified for further use. Both the modified and unmodified (wild-type, as a control) archaella were analyzed by Western blotting (Figure 1) . In each of the modified archaella samples, the FLAG peptide-specific antibodies specifically bound with appropriate archaellin indicating the efficient expression of modified archaellins, even though both the native and modified archaellin genes were present in the genome. The electrophoretic motilities of the modified archaellins A1, A2, and B2 were the same as that of wild-type. It is known that the electrophoretic motility of H. salinarum archaellins is highly dependent on post-translational modifications (glycosylation) [22] . Thus, insertion of the FLAG peptide between the first two N-glycosylation sites does not affect the mechanisms of post-translational modification of archaellins. Immunoelectron microscopy of archaella demonstrated that the FLAG-specific antibodies did not bind to wild-type archaella (used as a control) and bound to each of the modified archaella types along the full filament length (Figure 2) .
While the distribution of archaellins A1 and A2 along the whole length of the filament was predictable, the distribution of archaellin B2 was somewhat unexpected, since earlier we speculated that in native archaella, B2 is acting as a hook protein. This assumption was based on experiments suggesting that, in the absence of A1 and A2 archaellins, the mutant H. salinarum cells formed curved structures similar to flagellar hooks and composed of B2 archaellin [8, 14] . It should be noted that the presence of archaella hooks was confirmed only in methanogenic archaea and no hook-like structures were observed in other archaea including H. salinarum wild type. Furthermore, the relative content of archaellin B2 in the H. salinarum archaella is much higher than that of the hook-forming archaellin B3 in Methanococcus voltae. In the latter case, B3 is present in an amount hardly detected by electrophoresis of native archaella [11] , while the share of H. salinarum archaellin B2 in wildtype archaella is about 15% that is apparently in excess for hook formation. It is possible that the presence of archaellin B2 along the whole length of the filament can someway stabilize the archaella helical structure [8] .
The introduction of different peptide tags in the target proteins and subsequent usage of appropriate commercial antibodies, which allow avoiding crossreactivity with other similar proteins, is widely used for the localization of eukaryotic proteins [23] . A similar approach has already been attempted for the study of localization of Methanococcus voltae archaellins along the filaments [11] . Hemagglutinin tag (Human influenza hemagglutinin, HA tag: YPYDVPDYA) was introduced in the variable region of the archaellin FlaA between 132 and 133 amino acid residues. However, the modified M. voltae archaellin FlaA was detected only by Western blotting, while immunoelectron microscopy of archaella containing FlaA-HA was unsuccessful.
The suggested method for modification of H. salinarum archaellins can be useful for a direct localization of archaella proteins by immunoelectron microscopy using commercial antibodies. We plan to use this approach in the future to determine the localization of the two remaining H. salinarum archaellins -B1 and B3, and in the study of the protein composition of filamentlike structures of other Archaea. The possibilities of this method can be significantly enhanced using other types of peptide loops having affinity not only for the different commercially available antibodies but also to other ligands. As an example, we obtained a H. salinarum strain producing archaella, where the gold-binding peptide LKAHLPPSRLPS was inserted into archaellin A2. The amino acid sequence of the peptide with the affinity to gold particles has been determined by Belcher et al. using phage display [19] . The modified archaella were incubated with colloidal gold nanoparticles (5 nm) and then analyzed by electron microscopy ( Figure 3) . The gold particles also bound along the whole length of the filaments. So, depending on the introduced peptide, the method of archaellin modification can be used not only in studying the archaella composition, but also as a way to produce new multifunctional nanomaterials. In this paper we proposed a method of archaellin modification and tested it using H. salinarum archaellins A1, A2 and B2. It was shown for the first time that B2 archaellin, like A1 and A2, is found along the whole filament length. The suggested approach can be useful to determine the localization of subunits in multicomponent archaellar and other filament-like structures of Archaea.
